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Abstract
We discuss quantum interference effects in a three-level atom in Λ-configuration,
where both transitions from the upper state to the lower states are driven by a
single monochromatic laser field. Although the system has two lower states, quantum
interference is possible because there are interfering pathways to each of the two
lower states. The additional interference terms allow for interesting effects such as
the suppression of a dark state which is present without the interference. Finally we
examine a narrow spectral feature in the resonance fluorescence of the atom with
quantum interference.
Key words: laser driven few-level system, interference, narrow spectral feature,
dark state suppression
1 Introduction
It is well known that an atomic three-level system in V-configuration driven
by laser fields gives rise to many interesting quantum optical effects [1–11]. If
the two atomic upper states are closely-spaced such that the two transitions to
the ground state interact with the same vacuum modes, quantum interference
may occur. In this case, there are more than one pathways to the lower state
which can not be distinguished in principle [3]. One consequence of this is
a possible modification of the resonance fluorescence spectrum of the atom
allowing e.g. for quantum beat oscillations [4], dark states [5,6], macroscopic
dark periods [7,8] or very narrow resonances [1,6,9,10].
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Fig. 1. The system of interest. The two lower levels |b〉 and |c〉 are closely spaced.
The atomic three level system may also be in Λ-configuration [12]. While this
system has been studied as intensively as the V-system in most configurations,
interference effects in the Λ-system have received less attention. One reason
for this might be that in this system, interference is not so obvious due to
the fact that there are two lower states as possible final states. Also it is a
strong restriction that both in the V- and in the Λ-system the transitions
have to interact with the same vacuum modes for interference effects to occur.
In practice, this condition is difficult to meet. For the V-system, a dressed
state realization was found some years ago using an atomic two-level system
where one of the two states is coherently coupled to an auxiliary level [11].
This makes the system much easier to access in practice. A corresponding
realization for the Λ-system was only recently found [13]. In [14], the response
of a Λ-system with interference to a strong driving field was studied. It was
shown that a dark state which is present in the system without interference
[15] may vanish with interference in the limit of high driving intensity. [13]
demonstrates that the Λ-system with maximum quantum interference can be
realized using a dressed state picture of a coherently driven V-system without
interference. This equivalence may be used to physically interpret the features
of the system. [16] examined the pump-probe response of the Λ-system, where
interference allows for quantitative changes.
In this paper we give a physical interpretation for the interference in the Λ-
system. We show that the dark state may also be suppressed if the driving
field intensity is low. Finally we discuss a narrow spectral feature found in the
resonance fluorescence spectrum of the atom with interference utilizing the
equivalence of the system to the corresponding dressed state representation.
2 System of interest
The system of interest is shown in Fig. 1. ~ωi (i = a, b, c) are the respective
energies of the three levels, γi (i = 1, 2) are the decay constants. Our aim is
2
to study interference effects in the given system. Therefore we assume the two
lower levels |b〉 and |c〉 to be closely-spaced with 2δ < γ1, γ2 where 2δ = ωb−ωc.
Both transitions |a〉 ↔ |b〉 and |a〉 ↔ |c〉 are driven by a laser field of frequency
ωL with the respective Rabi frequencies Ω1 and Ω2. ∆ = ωL − ωa + ωb + δ is
the common detuning of the driving laser field.
The system Hamiltonian is
H =H0 +H1 where
H0= ~(∆ + ωa)|a〉〈a|+ ~(−δ + ωb)|b〉〈b|+ ~(δ + ωc)|c〉〈c|
H1=−~∆|a〉〈a|+ ~δ|b〉〈b| − ~δ|c〉〈c|
−~Ω1(e−iωLt|a〉〈b|+ h.c.)− ~Ω2(e−iωLt|a〉〈c|+ h.c.).
The interaction picture Hamiltonian with respect to H0 is
V = −~∆|a〉〈a|+ ~δ|b〉〈b| − ~δ|c〉〈c| − ~Ω1(|a〉〈b|+ |b〉〈a|)− ~Ω2(|a〉〈c|+ |c〉〈a|).
This yields as equations of motion for the elements of the density matrix
describing the system under the assumption that the two lower levels are
closely-spaced [13,14]
ρ˙aa=−(γ1 + γ2)ρaa − iΩ1(ρab − ρba)− iΩ2(ρac − ρca) (1a)
ρ˙bb= γ1ρaa + iΩ1(ρab − ρba) (1b)
ρ˙ab=
(
i(δ +∆)− 1
2
(γ1 + γ2)
)
ρab − iΩ1(ρaa − ρbb) + iΩ2ρcb (1c)
ρ˙ac=
(
i(−δ +∆)− 1
2
(γ1 + γ2)
)
ρac − iΩ2(ρaa − ρcc) + iΩ1ρbc (1d)
ρ˙bc= p
√
γ1γ2ρaa − 2iδρbc + iΩ1ρac − iΩ2ρba (1e)
with ρij = (ρji)
∗ for i, j ∈ {a, b, c} and ρaa + ρbb + ρcc = 1.
p is a measure for the quantum interference exhibited by the system. It depends
on the value of δ and on the relative direction of the two transition dipole
elements. In the case of maximum interference with parallel dipole moments p
is equal to unity, while p = 0 represents the case of no quantum interference.
The equations of motion can be written as
d
dt
~ρ=B ~ρ+ ~I with ~ρ = 〈~σ〉 and
~σ=(|a〉〈a|, |c〉〈c|, |a〉〈b|, |b〉〈a|, |a〉〈c|, |c〉〈a|, |b〉〈c|, |c〉〈b|)T
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where B is a time independent time evolution matrix and ~I is a constant
vector, both given by Eq. (1). In the following, we denote the ith element of
the vector ~σ as σi.
To calculate the resonance fluorescence spectrum we need to calculate the two
time correlation function 〈D(+)(t)D(t′)〉 [17] given as
D(+)(t) = dabσ3(t) + dacσ5(t) and D
(+)(t) = (D(−)(t))†.
dab and dac are the respective transition dipole moments with |dab|2 ∝ γ1,
|dac|2 ∝ γ2 and dabdac ∝ p√γ1γ2. Splitting up ~σ into its average and the devi-
ation from the average, σi = 〈σi〉+ δσi (i ∈ {1, . . . , 8}), we obtain four terms
corresponding to the average motion and four terms corresponding to the
fluctuations. The average motion yields the coherent part of the fluorescence
spectrum
Scoh(ω) = I
abs
cohδ(ω − ωL) (2)
where
Iabscoh = π(γ1ρ
ss
abρ
ss
ba + γ2ρ
ss
caρ
ss
ac + p
√
γ1γ2ρ
ss
abρ
ss
ca + p
√
γ1γ2ρ
ss
acρ
ss
ba) (3)
is the absolute intensity of the coherent peak. The superscripts ”ss” denote
the steady state values of the system.
Using the quantum regression theorem, the normalized incoherent fluorescence
spectrum can be calculated from the four fluctuation terms of the splitted ~σ
as
Sinc(ω) =
1
πρssaa
Re {K3(γ1 ~Rab + p√γ1γ2 ~Rac) +K5(γ2 ~Rac + p√γ1γ2 ~Rab)} (4)
with
K = (iω −B)−1, ~Rab = 〈δ~σ(0)δσ4(0)〉ss and ~Rac = 〈δ~σ(0)δσ6(0)〉ss.
The total fluorescence intensity is given by the expression
Itot = π(γ1 + γ2)ρ
ss
aa
such that in the following attention will be placed on both the various spectral
components and the upper level population ρssaa.
4
-15 -10 -5 0 5 10 150
0.04
0.08
0.12
0.16
0.20
PSfrag replacements
ω − ωL [γ1]
rel.
in
ten
sity
(a)
(b)
-15 -10 -5 0 5 10 150
0.04
0.08
0.12
0.16
0.20
PSfrag replacements
ω − ωL [γ1]
rel.
in
ten
sity
(a)
(b)
Fig. 2. Normalized inelastic spectra. (a) γ1 = γ2 = 1, Ω1 = Ω2 = 4, ∆ = 0, p = 0.8
and δ = 0.5. (b) γ1 = 1, γ2 = 1, Ω1 = 3, Ω2 = 4, ∆ = 2, p = 1 and δ = 0.1.
3 Investigation of the spectra
In this section we calculate the resonance fluorescence spectra emitted by the
given system. In the first part we use the results of Eq. (4) for a numerical
analysis of the incoherent contribution to the spectrum. In the second part, we
discuss some of the system properties using analytical arguments. The elastic
component of the spectrum given by Eq. (2) is omitted in all figures. The
numerical values in this section are given in units of the decay constant γ1.
A sample spectrum is shown in Fig. 2(a). The spectrum consists of a middle
structure centered at the driving laser field frequency and two pairs of side-
bands. In general, the fluorescence spectrum consists of 9 structures: The co-
herent peak, two incoherent peaks at the driving laser field frequency and three
pairs of sidebands. The various incoherent contributions can be distinguished
in Fig. 2(b). However the absolute intensity for this choice of parameters is
very low. Depending on the chosen parameters, some of these structures may
be suppressed. For example in Fig. 2(a) there is only one pair of sidebands
for p = 1 instead of p = 0.8. Another case is shown in Fig. 3(a) . The solid
curve is calculated for maximum interference (p = 1), while the dashed line is
plotted without interference term (p = 0). In this parameter range, the middle
structure is only present without interference.
The parameters may also be chosen such that the system exhibits an additional
narrow peak centered at the frequency of the driving laser field. This is shown
in Fig. 3(b) . In this figure, the relative amplitude of the fluorescence spectrum
at the driving laser frequency is A ≈ 0.365, and the width of the additional
narrow peak is Γ ≈ 0.0011. The narrow peak vanishes with increasing Rabi
frequency if the other parameters are kept fixed. However by adjusting the
detuning ∆ appropriately with the Rabi frequency, it is possible to have a
narrow peak even for high Rabi frequencies [21]. An approximate value for the
optimal detuning ∆max may be obtained by maximizing the expression in Eq.
(3) for the absolute intensity of the coherent contribution to the fluorescence
spectrum with respect to ∆. For γ1 = γ2 = γ, Ω1 = Ω2 = Ω and p = 1 this
yields ∆max = ±
√
2Ω2 + δ2 − γ2. With this detuning and the other parameters
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Fig. 3. Normalized inelastic spectra. (a) γ1 = γ2 = 1, Ω1 = Ω2 = 0.2, ∆ = 0 and
δ = 0.1. Solid line: p = 1, dashed line: p = 0. (b) exhibits the additional narrow
peak centered at the laser frequency. The parameters are chosen as γ1 = γ2 = 1,
Ω1 = Ω2 = 3, ∆ = 0, p = 1 and δ = 0.1.
as in Fig. 3(b), the amplitude of the fluorescence spectrum at the driving
laser frequency becomes A ≈ 17.951, and the width of the narrow peak is
Γ ≈ 0.0015. Thus in this case, the relative intensity of the additional peak is
more than 220 times larger than with zero detuning.
Of course it is of great interest to find consequences of the quantum interfer-
ence accessible to experiments. There are parameter ranges where the system
of interest exhibits a dark state [15]. In such a dark state, the steady state
population of the upper atomic level and thus the total fluorescence intensity
vanishes. The dark state may be destroyed by a finite laser bandwidth [18]
or by applying thermal or squeezed fields [19]. For these schemes, quantum
interference is not needed. However as pointed out in [13,14], the dark state
may also be suppressed by quantum interference such that the system is in a
dark state without interference (p = 0), but not with interference (p = 1). For
this, the Rabi frequency does not need to be very high if the two lower levels
are close to each other. For example, for γ1 = γ2 = γ and Ω1 = Ω2 = Ω we
have with maximum interference (p = 1)
ρssaa =
Ω2
∆2 + δ2 + γ2 + 2Ω2
δ→0−−→ Ω
2
∆2 + γ2 + 2Ω2
. (5)
Without interference (p = 0), the corresponding population is
ρssaa =
δ2Ω2
δ2∆2 + δ4 + Ω4 + δ2(γ2 + Ω2)
δ→0−−→ 0. (6)
Thus for δ → 0, the system is in a dark state without the interference, but
not with quantum interference. Without interference, the dark state results
from coherent population trapping as for δ → 0 both transitions are driven
resonantly. The suppression of the dark state is crucial for the narrow peak, as
it is most pronounced for low values of δ such that the total intensity becomes
low without the interference.
Using the fact that the system studied here with full quantum interference
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Fig. 4. Two interfering paths from |a〉 to |c〉. The dashed line denotes spontaneous
decay, the solid lines denote laser-induced transitions.
(p = 1) is equivalent to an appropriately chosen three-level system in V-
configuration without quantum interference [13], the results for the narrow
peak for such a V-system in [7] can be rewritten to analytically describe the
narrow peak in the Λ-system with interference. With γ1 = γ2 = γ and Ω1 =
Ω2 = Ω we obtain as approximate expressions for the full width at half height
Γ and the relative height A for the peak:
Γ=2γ
δ2
Ω2
∆2 + γ2 + 2Ω2
∆2 + γ2 + 4Ω2
(7)
A=
1
π
Ω2
δ2
(∆2 + γ2)2
4γ(∆2 + γ2 + 2Ω2)2
(8)
These analytical expressions are in good agreement with the numerical results.
As in the corresponding V-system with interference [10], the width is propor-
tional to γ · (δ/Ω)2. But the height A is inversely proportional to this factor
in both our and the corresponding V-system. Thus the relative intensity
Γ ·A = (∆
2 + γ2)2
2π(∆2 + γ2 + 2Ω2)(∆2 + γ2 + 4Ω2)
(9)
is independent of the energy splitting δ of the two lower levels as long as
it is small enough to account for quantum interference. However in the cor-
responding V-system with interference, the total fluorescence intensity com-
pletely vanishes for ∆ = 0 and p = 1 in our notation [10,20]. The atom only
emits fluorescence light if p is slightly less than unity. This effect is not present
in our system.
The equivalence of the system discussed here with a corresponding system
without interference may also be used to explain why an appropriately changed
detuning may increase the peak intensity as in [21].
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4 Physical interpretation
As compared to a three-level system in Λ-configuration with well-separated
lower levels, the system presented here has a distinctively different behavior
for several parameter ranges due to interference effects. Quantum interference
occurs in systems with transitions for which there are at least two different
ways to one final state which cannot be distinguished in principle. A typical
example for this is the two-slit experiment [4]. In an atomic three-level system
in V-configuration with closely-spaced upper levels, quantum interference is
possible because the energy arising from the decay of one of the upper levels
may excite the atom into the other upper level due to the coupling through
the same vacuum modes. This introduces an extra coherence between the
two upper states. A driving laser field may couple to this coherence and thus
account for interference effects also in the resonance fluorescence spectrum. In
the Λ-system considered here, the possibility for quantum interference is not
so obvious. However there are interfering pathways to each of the final states
|b〉 and |c〉. Also in this system, there is an extra coherence term between
the two lower levels due to the spontaneous decay from the upper level. The
driving laser field couples to this coherence and allows for additional paths
for the transitions from the upper to the lower levels. Two interfering paths
for transition |a〉 → |c〉 are shown in Fig. 4. The laser-induced transition from
|b〉 to |c〉 is possible because the energy difference 2δ between the two lower
states is within the energy uncertainty of the two transitions. The interfering
pathways with final state |b〉 are equivalent to the ones shown in Fig. 4.
Due to the interference, the dark state usually found in a Λ-system with-
out interference ([7]) may be suppressed. This can be used to find parameter
ranges where the additional narrow peak is especially narrow and intense.
The various other spectral features found in section 3 may be explained using
a dressed state picture such as described in [10] for a three-level system in
V-configuration.
5 Discussion and Conclusion
We have calculated and discussed the resonance fluorescence spectrum of an
atomic three-level system in Λ-configuration where the two lower states are
closely-spaced. Both transitions are driven by a laser field. The two transi-
tions couple to the same vacuum modes such that quantum interference may
occur. Due to the additional interference terms, the dark state usually found
in a Λ-system can be suppressed. This allows to choose the system parame-
ters favorably for an additional narrow peak centered at the laser frequency.
Although quantum interference is not so obvious in the given system because
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of the fact that there are two final states, the other spectral features are
found to be analogous to the spectra of a laser-driven three-level system in
V-configuration with interference between the two upper states.
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